


Thin film solar cells
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Nuclear systems will be used for high power
and long durations. Since no one system
meets all potential needs, research and

development work must be performed on
all of them.

Lewis has a number of programs cur­
rently underway to improve battery per­
formance. Among the rechargeable bat­
teries, basic research into the fundamental
chemistry of nickel-oxide and cadmium
components is being conducted to try to
extend life and energy output.

The silver-oxide-zinc rechargeable
battery can provide three times the energy
of the nickel-cadmium cell. Previously,
si.lver-oxide-zinc batteries have been
plagued with many problems which limit
their useful life, in particular, the number
of charge-discharge cycles that they can
endure is limited. Under Lewis support, a
new type of silver-oxide-zinc rechargeable
battery is being developed that has operated



fifteen time~ the life-span of previous types
and is serviceable over an even broader tem­
perature range ... from 32 0 to 2500 F.

Two new batteries are also under develop­
ment for extreme temperature conditions.
One will operate at the 800 0 to 1000 0 F
range such as is found closer to the sun
and on the surface of Venus. The other
works down to _140 0 F which corresponds
to conditions on Mar s.

Improvement of reliability and power
density of small batteries is an example of
the way in which space age requirements
benefit the entire consumer market.

Programs at Lewis on fuel cells have
emphasized increasing life and efficiency.
A fuel cell is in essence a continuous bat­
tery, with the reacting materials stored
outside of the cell and fed to it as elec­
trical power is required.
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One promlsmg development at Lewis is
the development of a new flexible electrode
which has shown stable operation for several
months at high efficiency.

Fuel cells operating on hydrogen and
oxygen have powered five of the two-man
Gemini spacecraft. Others have been
qualified for Apollo and will be used on
NASA's Biosatellites.

The hydrogen-oxygen cell will probably
continue to be the major space fuel cell for
the foreseeable future. However Lewis is
working on a number of advanced ideas. One
concept under development will decompose
storable rocket propellants to obtain hydro­
gen and oxygen for use in a conventional fuel
cell.

Because the overall efficiency of a fuel
cell can be about twice that of an efficient
stearn power-generating station, and sev­
eral times more efficient than an automobile



engine in use, their potential value in the
future economy of the nation is enormous.

Methods for achieving good reliability
and maintaining performance for long periods
of time have been largely developed for
thermionic converter s. This has been an
objective of Lewis work in this area for a
number of year s.

A thermionic converter consists of two
metal electrodes separated by a small gap.
Heat is supplied to one electrode, called
an emitter. As the emitter temperature
increases, electrons are boiled out of the
metal. The electrons move across the gap
to a second electrode which is maintained
at a lower temperature. An easily ionized
gas like metallic cesium in the gap between
electrodes improves performance. Useful
power is generated as the electrons return
to the emitter through an external cir cuit.
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A thermionic converter produces some
60 watts of electrical power per square inch
of emitter surface area, with an energy con­
version efficiency of about 15 percent, based
on an emitter temperature of about 30000 F.
In this case the collector temperature would
be maintained at about 15000 F. Tungsten is
usually used for the emitter and niobium for
the collector.

A solar, chemical, or nuclear heat
source can be used to supply heat for a
thermionic converter. Nuclear reactors
are particularly attractive. In a reactor,
the emitter can serve as a container for
the nuclear fuel. The collector would be
positioned around the emitter. In one con­
cept, the reactor fuel tubes are converter
cells arranged end to end and electrically
connected in series, very much like bat­
teries in a flashlight case.

The thermionic reactor system would
consist of a reactor, converters, liquid
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metal coolant loop to cool the collector s
and a space radiator. A one megawatt
(1,000,000 watt) system would require

about 500 converters with the reactor about
28 inches long and 18 inches in diameter.

The Lewis nuclear thermlOnic programs
are proceeding on a broad front extending
from development of fuel fabrication tech­
niques to irradiation of fuels and insulator s
in the Plum Brook Reactor. One program
has established the compatibility of tungsten
with all nuclear fuels of interest. Techniques
for making cylindrical fuel forms and vapor
deposition of tungsten emitters have been
developed also.

Many contributions have been made by
Lewis scientists in the solar cell field. And
recently a new, super blue, silicon solar
cell has been announced by Lewis which has
a lifetiIne in space three times longer than
cells currently available.
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The silicon solar cell is the most common,
source of electrical power for spacecraft.
They are made from thin slices of silicon
crystals and so are quite brittle. Producing
the power needed for large spacecraft like
Nimbus, OGO, Mariner, and Lunar Orbiter
requires large arrays of cells which are
complex and costly.

To reduce the cost, weight, and com­
plexity of these solar cell arrays, Lewis
has been pur suing a program to develop
thin film solar cells which would be larger

- and very flexible. The thin film cells are
made by depositing a layer of cadmium
sulfide on the flexible plastic backing.

Silicon solar cells must be carried on
rigid panels that are folded for launch.
Thin fibn cells might conceivably be rolled
up like a flag or window blind and then
simply unfurled in space. They are also
lighter than the silicon cells.

<t



Present thin film work at Lewis is
concerned primarily with raising the effi­
ciency of the cells which is still somewhat
lower than the silicon type, although re­
cent advancements have made consid­
erable improvements.

One of the recent Lewis programs in
the field of power generation involves the
use of a parabolic solar mirror to con­
centrate the sun's rays for use by a Brayton
cycle power generation system.

Techniques for fabricating rigid solar
mirrors that are light weight have been
developed. A 20 foot solar mirror weighing
just 300 pounds was fir st demonstrated at
the 1966 Inspection.

The unit consists of twelve sectors
bolted together. The sectors were made
from one inch thick magnesium plate. To
save weight, essential in any piece of space
hardware, most of the magnesium plate
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20-Foot solar mirror

was machined away leaviJ:lg a honeycomb
grid on the rear side. The thicknes s of the
magnesium between the grid sides is between
50 and 60 thousandths of an inch.

After being hot formed by a unique
vacuum forming process developed at Lewis,
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the surface of the mirror is treated with a
glossy epoxy resin. Aluminum is then
evaporated onto the surface in a vacuum
retort. Since the aluminized surface is
very thin and easily scratched, a top coating
of lacquer is applied.

A Brayton system using a solar mirror
20 to 30 feet in diameter would produce
from 5 to lO kilowatts over long periods
of time.

ROTATING POWER SYSTEMS

The sophisticated space mis sions of the
future may require hundreds and even
thousands of kilowatts of electrical power.
At the present time there are no fully
developed power systems to serve multi­
channel TV satellites, lunar bases, or
large electric propulsion systems for man­
ned exploration of other planets.
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However, the Lewis Research Center
is working on the technology that will be
required to satisfy these needs. Appro­
priate systems for large power generation
are turbine machines driven either by hot,
high pressure gas (Brayton cycle), or by
high temperature vapor (Rankine cycle).
Either method, to be successful in space
applications, requires large advances in
the technology of pumps, turbines, bear­
ing s, heat exchanger s, and radiator s.

Brayton cycle systems are attractive
for applications using both solar and nu­
clear heat sources. With a solar mirror,
the sun's rays would be focused on a heat
absorber which would transfer the heat to
the operating gas, such as argon. The hot
gas passes through two turbines. The first
turbine drives a compressor that pumps the
gas through the system, and the second
drives an alternator to produce the elec­
trical power. Part of the residual heat
is put back into the system with a heat
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exchanger. The remaInIng heat is then
transferred to a liquid loop which rejects
the waste heat to space through a radiator.

Most solar powered applications would
probably be earth orbiting satellites or space
stations. To obtain the heat to operate while
in the earth's shadow, heat storage capacity
is designed into the heat absorber. Heat
storage is accomplished by melting a heat
storage material such as lithium fluoride.

The Rankine system is the same basic
power generation system used on earth in
stearn powerplants. In space, liquid metal s
would be used for the working fluid instead
of water. The advantage of using liquid
metals is that they allow higher operating
temperatures for reasonable operating
pressures. This higher temperature re­
sults in higher cycle efficiency, and, most
important, a smaller radiator for waste
heat rejection; most of the weight and size
of these systems is in the radiator.



A specific effort in this field has been
the SNAP-8, 35 kilowatt nuclear system.
SNAP-8 is being developed under the joint
direction of the Atomic Energy Commission
and NASA. AEC manages the reactor devel­
opment, while NASA I S Lewis Research
Center directs development of the power
conversion system. Lewis is also en­
gaged in experimental and analytical pro­
grams, in house, which are an integral
part of the SNAP-8 development effort.

To date, all power conversion compo­
nents have met performance requirements
with the exception of the turbine. The
turbine which runs on mercury vapor, has
experienced severe materials problems;
primarily, reduced ductility of the metals.
A new turbine mechanical and aerodynamic
design is being worked out now by Lewis
and its contractor, Aerojet-General. The
next turbine scheduled for early 1967 is
expected to approach the desired la, 000
hour design life level.
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BASIC RESEARCH

Lewis is conducting basic investigations
in fields of plasma physics, nuclear physics,
solid state physics, chemical kinetics, elec­
trochemistry, high temperature chemistry,
polymer chemistry and phy sic s, friction
and lubrication, gas dynamics, heat trans­
fer and fluid physics, cryophysics and a
number of others.

Studies of defects in the structure of
crystalline solids on an atomic level pro­
vide a good illustration of the broad im­
plications a basic research project can
have.

Crystals are made up of regular arrays
of atoms whose geometric arrangement
depends on the forces of attraction and
repulsion. Strength, ductility, electrical
conductivity, and response to damage by
light and nuclear radiation, are strongly
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dependent on imperfections in the regu­
larity of arrangement of the atoms.

One of the ways in which the arrange­
ment of atoms in a crystal is studied at
Lewis is with a Field Ion Microscope which
provides a magnification of about seven
million time s. This magnification per­
mits a scientist actually to see the indi­
vidual atoms and to study their arrange­
ments, dislocations, and defects such as
vacancies, impurity atoms, and interstitial
atoms.

Another method of studying cry stal lat­
tice defects used at Lewis is absorption
spectroscopy. The general utility of this
method can be illustrated in studying the
effects of radiation on ruby laser crystals.
Lasers are attractive for a number of space
uses.



Basic laser research
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Ruby is aluminum oxide containing a
small amount of chromium impurity. How­
ever, the chromium atoms which give the
ruby crystal its .laser properties must exist
in only one of several possible states. Con­
ver sion of the chromium atoms to another
state can occur if they are exposed to radi­
ation of the sort that exists in the Van Allen
belts or are given off by on-board nuclear
devices.

The absorption spectrophotometer re­
cords the amount of light absorbed by the
atoms in a crystal lattice. In the case of
the ruby crystal it is possible to determine
the effects of varying exposure to radiation
by its absorption characteristics.

A third method for studying lattice de­
fects is to study processes such as dif­
fusion in which they playa role. Diffusion
is the process by which atoms move in a
solid. The motion occur s either by the
interchange of an atom with a vacant lattice



site or by the jumping of an atom from one
interstitial position to another.

Diffusion rates can be measured in sev­
eral ways and the diffusion curves estab­
lished yield basic information about the de­
tails of the atom jump processes, the energy
required to form a vacancy, and lattice dis­
tortion around a vacant site.

At Lewis, attention is focused primarily
on diffusi.on in high temperature structural
materials. A better under standing is needed
because their failure during high temperature
use is primarily by diffusion processes.

So in the case of basic research into the
defect structures of crystal lattices, it is
appare'nt that the information may find ap­
plication in areas as diverse as lasers and
jet engine turbine blades.

Another basic research area at Lewis is
chemical kinetics. Chemical kinetics is
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concerned with the detailed mechanisms and
rates of reactions. Studies of the rates of
reaction among atoms, radicals and simple
molecules at high temperature have given
valuable support to both chemical rocket and
air-breathing engine development work.

Maximum performance in chemical
rockets and ramjets, for instance, depends
on conver sion of the fuels to the normal
products of complete combustion. The dif­
ference in the performance of engines having
complete combustion and incomplete com­
bustion is very significant.

Techniques for study of reaction rates
include the use of shock tubes, molecular
beams, mass spectrometers, and the use
of radiofrequency generated atoms and
radicals.

Although the results of this basic research
are applied to propulsion system studies at



Lewis, the sazne data have rrlUch wider use­
fulnes s, such as for certain industrial
cheITlistry processes. Also, atoITlic re­
actions are iITlportant to understanding the
cheITlistry of the upper atITlosphere and
ITlay be an iITlportant factor in the forITl­
ation of SITlog.

Another area of investigation is the Hall
effect. The Hall effect gives a ITleasure of
the nUITlbers and ITlobility of electrons and
other charged carrier s in a seITliconductor.
This is particularly applicable to the devel­
0pITlent work with solar cells but is equally
applicable to other facets of the electronics
industry.

At Lewis a highly autoITlated ITlethod of
ITleasuring the Hall effect is used. An ap­
paratus is used which passes current through
a sITlall saITlple of seITliconductor ITlaterial,
applies a ITlagnetic field that causes the
charged carriers to drift froITl one side of
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the ITlaterial to the other and then ITleasures
the current induced by this drift.

Another tool of basic research used at
Lewis is the gas laser interferoITleter which
is being used to deterITline the particle
density in a therITlionic diode. TherITlionic
diodes are being considered for use in
nuclear reactors to produce electrical power
for spacecraft in the future.

Plasma particle density is deterITlined by
ITleasuring the difference between the fre­
quencies of two laser beaITls, one of which
is passing through the diode plasITla.

Basic research is ITlethodic, exacting
and its pursuit even in a ITlinute segITlent of
a field of scientific interest ITlay stretch
over a lifetiITle. But each new bit of knowl­
edge that is uncovered adds to our under­
standing of that field and ITlay lead to un­
dreaITled of benefits in the future.



ELECTRIC PROPULSION

As man reaches farther out into space,
to the other planets in our solar system or
beyond, new, more efficient propulsion
sy stern s ar e ne eded.

Electric propulsion offers great promise
in this area and is one of the advanced pro­
pulsion concepts that has been under study
at Lewis for a number of years.

The advantage of electric propulsion
sterns from the high propellant exhaust
velocities possible. These high velocities
mean that much less propellant need be
carried, making room for additional pay­
load. Chemical rockets, such as the Atlas
and Saturn, have exhaust velocities of two
to three miles a second. Electric thrustor
exhaust can reach almost any velocity up to
the speed of light. Practical considerations,
such as the amount of electrical power
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needed, limit this to about 20 to 50 miles per
second at present.

Electric propulsion was originally con­
sidered for manned interplanetary mis sions
and large interplanetary probes using huge
arrays of electric engines powered by nuclear
turboelectric generating devices.

In addition to manned missions, the re­
cent developments in solar cells are leading
to consideration of electric propulsion for
much lower power levels such as attitude
control, maintaining the position of syn­
chronous satellites and thrust augmentation
of interplanetary probes. Early studies
assumed that interplanetary missions would
start in a low earth orbit and then, using
their electric engines, spiral slowly out.
With thrust augmentation, the vehicle would
be boosted to escape velocity by a chemical



rocket. The electric engines would then be
used only during the interplanetary portion
of the flight. Although thrust augmentation
requires larger chemical rocket boosters
than the earlier approach, it does make it
pos sible to obtain some of the advantages
of electric propulsion with a much lower­
powered system.

Plasma engine research
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There are three general types of electric
thrustor. The electrothermal type uses elec­
tric power to heat a propellant, similar to
the way combustion heats the propellant in a
chemical rocket.

The mo st promising electrothermal
thrustor is the resistojet in which a resis­
tance heating element (such as you might
find in a toaster) is used to heat the propel­
lent. The resistojet is simple, efficient and
reliable. Research on this thrustor has been
completed at Lewis and it is the one electric
thrustor that has been used in a practical
application - the station keeping of a satellite.

Although an electrothermal thrustor can
produce higher exhaust velocities than a
chemical rocket, temperature limitations of
materials still keep it far below the optimum
for electric propulsion.

The second general type of electric thrus­
tor is the electromagnetic type. The electro-
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magnetic thrustor uses the interaction of a
current and a magnetic field, similar to that
used in many electric motors. The moving
conductors of the current in an electric moto r
are copper wires, but in an electromagnetic
thrustor, the conductor is a plasma or ionized
gas. An ion is simply an atom with an elec­
tron removed. It then becomes positively
charged and is called an ion. A plasma is a
gas composed of ions and electrons and can
conduct an electrical current similar to the
way a wire does.

The most promising thrustor of this type
is the magnetoplasmadynarnic (MPD) thrustor.

A Lewis MPD thrustor has produced ex­
haust velocities of nearly 30 miles per
second.

One of the major advantages of an MPD
thrustor is the simplicity of associated
electrical circuitry. Unlike the electro­
static engine, to be discussed next, it re-
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Artificial Van AI/en belts

quires little more than the engine and a
power source. Considerable testing re­
mains, however, before a MPD thrustor
will be ready for use in space.

The third and most highly developed type
of electric thrustor is the electrostatic
engine.
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The electrostatic engine uses an ionized
propellant. However, instead of a plasma
consisting of both ions and electrons, only
the positively charged ions are used. Be­
cause the propellant has a positive charge it
can be accelerated electrically and ejected
from the nozzle at a high exhaust velocity.
Once the propellant leaves the nozzle the
electrons that were stripped from the atoms
earlier, to form the ions, are replaced to
avoid having the ions attracted back to the
engine which would stop the beam.

It was a Lewis engineer who designed and
built the first electrostatic thrustor to oper­
ate successfully in space. The engine was
an electron bombardment type, which means
that the ions were produced by bombarding
atoms of mercury vapor with energetic
electrons.

Electron bombardment appears to be the
most efficient method of producing ions for
large engines.
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Contact ionization is another way of pro­
ducing ions. Here an atom loses an electron
when it contacts a hot surface. Only certain
combinations of atoms and surfaces produce
contact ionization. Cesium atoms striking a
tungsten surface at about 2000 0 F seems to
be the best combination.

Contact ionization thrustors appear to be
best suited for low-thrust applications.

The first electrostatic engine was tested
on the SERT-I (Space Electric Rocket Test)
flight. The SERT thrustor I s propellant beam
measured just 5 inches in diameter. Since
that time Lewis has built and tested engines
with beams up to 5 feet in diameter.

The first interplanetary probes to use
electric rocket engines will probably use
engines just slightly larger than SERT-I
engines. Later applications will require the
larger units.
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